Net degradation of cellular components occurs in plant cells cultured under starvation conditions, and autophagy contributes to the degradation of intracellular proteins. In this study, we investigated the degradation of membrane phospholipids by autophagy in cultured tobacco (Nicotiana tabacum) cells. The amounts of total phospholipids and a major phospholipid, phosphatidylcholine (PC), decreased, whereas phosphorylcholine, a degradation product of PC, increased in response to deprivation of sucrose. The addition of glycerol to the culture medium inhibited both the degradation of phospholipids and the concomitant increase of phosphorylcholine. Glycerol, however, did not block autophagy, which was assessed by the accumulation of autolysosomes in the presence of a cysteine protease inhibitor. On the other hand, 3-methyladenine, an inhibitor of autophagy, did not affect the net degradation of PC. We labeled intracellular phospholipids by loading cells with a fluorochrome-labeled fatty acid and chased it under sucrose-free conditions. Glycerol slowed down the decrease in the amount of fluorochrome-labeled PC, suggesting that it inhibits the degradation process of PC. These results show that phospholipids are degraded by mechanisms different from autophagy in tobacco cells cultured under sucrose-free conditions.
Introduction
Cells degrade their constituents in response to various nutrient starvation stresses. Degradation products from their main components such as proteins, lipids and carbohydrates are reused as carbon skeletons to make new cellular constituents or utilized as substrates for respiration for obtaining energy. However, how these components are degraded has not been fully elucidated.
Autophagy is a mechanism responsible for the degradation of cellular components under nutrient starvation conditions (Seglen and Bohley 1992 , Dunn 1994 , Blommaart et al. 1997 , Klionsky and Ohsumi 1999 , Moriyasu and Klionsky 2004 . It is a process in which parts of the cytoplasm are isolated by cell membranes and degraded. First, some cellular membrane encloses parts of the cytoplasm to make structures designated as autophagosomes. Autophagosomes then fuse with lytic organelles such as vacuoles and lysosomes, resulting in the formation of lysosomes containing parts of the cytoplasm, called autolysosomes, or vacuoles containing parts of the cytoplasm. Vesicles enclosing a part of the cytoplasm found in vacuoles are called autophagic bodies (Takeshige et al. 1992) . In any case, these fusions result in mixing of parts of the cytoplasm with hydrolytic enzymes existing in lytic organelles. Since several organelles such as mitochondria, plastids and peroxisomes as well as the cytosol are observed in autophagic organelles such as autophagosomes, autolysosomes, and plant and yeast vacuoles, various biomolecules that constitute the organelles and cytosol, including proteins and lipids, are thought to be degraded by autophagy. Indeed, biochemical measurements have established that bulk degradation of cellular proteins under nutrient starvation conditions is attributable to autophagy (Dice 1987 , Takeshige et al. 1992 , Moriyasu and Ohsumi 1996 .
Membrane phospholipids are also cellular components degraded during starvation. In yeast cells, there is compelling evidence showing that membrane lipids are degraded in vacuoles by autophagy. Molecular genetic analyses of autophagy in yeast cells during nutrient deprivation have revealed more than a dozen genes essential for the ordinary proceeding of autophagy (Klionsky et al. 2003) . Of these genes, CVT17/ AUT5/ATG15 encodes a protein containing a lipase active site motif. When a strain deficient in ATG15 is induced to perform autophagy, autophagic bodies, which have been released into the central vacuole from autophagosomes, accumulate in the vacuole/lysosome. This suggests that the Atg15 protein is necessary for the breakdown of membrane lipids surrounding autophagic bodies in vacuoles (Epple et al. 2001, Teter et al. Phospholipid degradation in tobacco cells 472 2001). However, how much autophagy contributes to the degradation of membrane lipids has not been clarified yet.
In mammalian cells, several lipid-hydrolyzing enzymes are known to locate in lysosomes. Indeed lipids such as sphingomyelin and glycolipid accumulate in lysosomes of patients who are deficient in a corresponding 'lysosomal acid lipase'. This shows that in mammalian cells, significant amounts of several lipids are degraded in lysosomes.
In the central vacuoles of plant cells, membrane vesicles and/or fragments have also been observed during senescence (Matile 1975 , Van der Wilden et al. 1980 , Herman et al. 1981 , Wittenbach et al. 1982 , Melroy and Herman 1991 , Smith et al. 1992 , Inada et al. 1998 , Minamikawa et al. 2001 . Once autophagic bodies are isolated within vacuoles, they may be degraded by vacuolar hydrolases including proteases, glycosidases, phosphatases, nucleases and phospholipases (Herman and Schmidt 2004) . In rice cells cultured in sucrose (Suc)-free medium, membrane fragments were seen in vacuoles for some time and eventually seemed to be digested (Chen et al. 1994 ). These observations suggest that autophagy plays a significant role in the digestion of membrane lipids in plant cells. In sycamore cells, the degradation of phospholipids in response to Suc deprivation was measured biochemically and using 31 P-nuclear magnetic resonance (Journet et al. 1986 , Aubert et al. 1996 . This measurement together with morphological observations that autophagic organelles are frequently found under the same conditions prompted the authors to suggest that the degradation of phospholipid under starvation conditions is performed by autophagy. As is the case in yeast cells, however, to what extent autophagy contributes to its degradation has not been examined in plant cells.
Autophagy that occurs in tobacco cells under Suc starvation conditions has been analyzed in relative detail using several kinds of inhibitors. In this autophagy, parts of the cytoplasm sequestered in autophagosomes are mainly degraded in lysosomes (Moriyasu and Ohsumi 1996) . Thus, when protease inhibitors such as E-64c and leupeptin are added to the culture medium, degradation of proteins in parts of the cytoplasm is inhibited and, as a result, lysosomes containing undegraded materials, autolysosomes, accumulate in the cells (Moriyasu and Ohsumi 1996) . The accumulation of autolysosomes can be easily observed by light microscopy (Yano et al. 2004) . 3-Methyladenine (3-MA), an autophagy inhibitor for mammalian cells, also works as a reliable inhibitor of autophagy in tobacco cells (Takatsuka et al. 2004) . It inhibits the accumulation of autolysosomes and the net degradation of cellular proteins, which is a characteristic of autophagy in tobacco cells. In the presence of 3-MA, the accumulation of autophagosomes is not found (Takatsuka et al. 2004) . Thus 3-MA probably blocks the formation of autophagosomes in tobacco cells as in mammalian cells. Using 3-MA, we can test whether the phenomenon we are interested in is involved in autophagy or not.
In this study, we examined whether or not the degradation of intracellular phospholipids occurs in tobacco cells cultured in Suc-free medium. Since we confirmed that the net degradation of phospholipids occurred during culture of tobacco cells in Suc-free medium, we next analyzed whether autophagy contributes to the degradation of phospholipids using 3-MA, and concluded that it does not. In addition, since glycerol was reported to block the degradation of phosphatidylcholine (PC) in cultured sycamore cells (Aubert et al. 1996) , we investigated whether the same event occurs in tobacco cells. We confirmed that glycerol inhibits a PC degradation process as well as activating the synthesis of PC.
Results

PC shows net degradation during Suc deprivation
The net degradation of PC, one of the major phospholipids in cellular membranes, occurs in sycamore cells cultured in Suc-free medium (Aubert et al. 1996) . In the present study, we investigated whether the phospholipids in cultured tobacco cells are also degraded. After tobacco cells were transferred to Suc-free medium, phospholipids were extracted from the cells, and their amounts were measured (Fig. 1) . The amount of phospholipids decreased almost linearly to approximately 50% of the initial value in 2 d (Fig. 1A) . We further separated phospholipids by thin-layer chromatography (TLC) on glass rods and measured the content of the major phospholipid PC by the flame ionization detector method. The level of PC also decreased during Suc deprivation, and about 75% was lost within 2 d in Suc-free medium (Fig. 1B) .
When the net degradation of PC occurs, phosphorylcholine (P-choline) and/or choline could be expected to accumulate in cells, as was observed in sycamore cells (Aubert et al. 1996) . Thus we measured changes in the amounts of these metabolites during Suc deprivation. There was only a small amount of choline in tobacco cells, and most intracellular choline seemed to exist in its phosphorylated form, i.e. Pcholine. As expected, the level of P-choline increased during 2 d of starvation (Fig. 1C) . Considering that PC is a major phospholipid, the increase in the amount of P-choline roughly equaled the decrease in the amount of PC. This suggests that the degradation product of PC was responsible for most of the increase in P-choline. We ascertained that the content of total phospholipids decreased in a similar way in Arabidopsis cells cultured in Suc-free medium (Fig. 1D) . These results show that as in sycamore cells, the net degradation of phospholipids including PC occurs in both tobacco and Arabidopsis cells cultured under Suc starvation conditions. 3-MA has little effect on the net degradation of PC induced by Suc deprivation 3-MA inhibits autophagy almost completely in tobacco cells cultured in Suc-free medium (Takatsuka et al. 2004 ). Thus, using 3-MA, we examined whether or not autophagy contributes to the net degradation of total phospholipids and PC (Fig. 2) . As shown in Fig. 2A and B, the addition of 3-MA had little effect on the net degradation of phospholipids and PC during 2 d of Suc deprivation. Similarly, 3-MA did not have any effect on the accumulation of P-choline (Fig. 2C) . In addition to 3-MA, which inhibits an early stage of the autophagic process, the cysteine protease inhibitor E-64c inhibits a late stage of the process (Moriyasu and Ohsumi 1996) . We confirmed that E-64c did not have any effect on the net degradation of PC ( Supplementary Fig. 1 ). Collectively, these results show that autophagy is not a main contributor to the degradation of phospholipids that occurs during Suc deprivation.
Glycerol inhibits the net degradation of PC during Suc deprivation
The addition of glycerol to the culture medium inhibits the net degradation of PC in cultured sycamore cells (Aubert et al. 1996) . Thus we examined whether or not a similar phenomenon occurs in tobacco cells (Fig. 3) . As in sycamore cells, glycerol effectively inhibits the net degradation of total phospholipids and PC in tobacco cells under Suc starvation conditions (Fig. 3A, B) . In an antiparallel manner, glycerol retarded an increase in the content of P-choline (Fig. 3C ). These results show that glycerol represses the mechanism responsible for the degradation of phospholipids or activates the synthesis of phospholipids.
The effect of 3-MA on the PC degradation process is small Fluorescent lipid analogs have been used for investigating metabolism and intracellular transport of lipids. To examine whether or not 3-MA affects the degradation process of PC, we performed a pulse-label and chase experiment of PC using the fluorescent dye BODIPY. First we measured the incorporation of a BODIPY-labeled fatty acid analog (BODIPY-FA) into intracellular phospholipids (Fig. 4) . After the cells were incubated with BODIPY-FA for various times, cellular phospholipids were extracted and separated by TLC (Fig. 4A ) and the fluorescence intensity in the spots of BODIPY-FA and PC containing BODIPY fluorochrome (BODIPY-PC) were quantified (Fig. 4B ). The cells seemed to take up BODIPY-FA within 1 h (Fig. 4A, B) . The level of intracellular BODIPY-FA peaked about 30 min after its addition and then decreased to about 20% of the peak value after 4 h. Following BODIPY-FA, intracellular BODIPY-PC also increased with time, appeared to be saturated about 2 h after the addition of BODIPY-FA and then decreased slightly (Fig. 4B) . During the analysis, BODIPY-FA and BODIPY-PC were identified as two major spots on TLC plates (Fig. 4A ). Some other spots were also detected. One of these spots was identified as diacylglycerol (DG) (see Fig. 7 ).
We incubated the cells with BODIPY-FA for 2 h followed by incubation in Suc-free medium in the absence of the dye, and analyzed the cells for intracellular phospholipids by TLC (Fig. 5) . Fluorescence in all of the several spots detected at the start of the chase decreased together with BODIPY-PC, and the appearance and/or accumulation of remarkable spots was not found (image not shown). The level of BODIPY-PC started to decrease a few hours after washing (Fig. 5A, B) . From the declining curve of intracellular BODIPY-PC, its apparent halflife was estimated to be about 8 h (Fig. 5B, open circles) . 3-MA did not affect the declining curve of intracellular BODIPY-PC (Fig. 5B, triangle) , supporting the notion that the contribution of autophagy to intracellular degradation of PC is small.
Glycerol activates the synthesis of PC and also inhibits a PC degradation process
In contrast to 3-MA, glycerol retarded the decrease in intracellular BODIPY-PC, the apparent half-life being extended to about 24 h (Fig. 5B, closed circles) . Thus, the inhibition of the degradation of PC by glycerol may result from a decrease in the rate of the degradation of PC and not from an increase in the rate of synthesis of PC. However, there was a lag of a few hours after the removal of BODIPY-FA from the culture medium until the level of intracellular BODIPY-PC started to decline. This suggested that a significant amount of BODIPY-FA still remained in the cells immediately after washing and was used for the synthesis of PC.
We thus measured the rate of PC synthesis in the presence and absence of glycerol. Tobacco cells were cultured in Sucfree medium with and without glycerol for 4 h. Then BODIPY-FA was added to the culture media. As shown in Fig. 6A , cells cultured in the presence of glycerol incorporated BODIPY-FA into PC more rapidly than those in the absence of glycerol. The quantification of PC spots showed that the rate of PC synthesis increased about 3-fold in the presence of glycerol compared with that in the absence of glycerol. In contrast to glycerol, Suc added to Suc-free culture medium did not enhance the incorporation of BODIPY-FA into PC (Fig. 6A ). This shows that glycerol but not Suc accelerates the synthesis of PC. On the other hand, neither glycerol nor Suc accelerated the synthesis of DG (Fig. 6B) .
To scrutinize the effect of glycerol on the degradation pathway of PC, we shifted the time of glycerol addition to 4 h after removing BODIPY-FA (Fig. 7) . After 4 h, the fluorescence level of intracellular BODIPY-FA, which may be utilized for BODIPY-PC synthesis, had decreased to approximately 20% of that of intracellular BODIPY-PC (Fig.  7B, left) . It further decreased to the same level after a 16 h chase period irrespective of the presence or absence of glycerol in the culture medium (Fig. 7B, left) . Even in this experi- mental condition, glycerol inhibited the degradation of BODIPY-PC (Fig. 7B, left) . Thus the activation of the biosynthetic pathway from BODIPY-FA to BODIPY-PC alone does not account for the effect of glycerol on the retardation of net degradation of BODIPY-PC. In addition, glycerol also inhibited the degradation of DG containing BODIPY fluorochrome (BODIPY-DG) (Fig. 7A, B, right) , although it did not affect the incorporation of BODIPY-FA into BODIPY-DG (Fig.  6B) . These results strongly suggest that glycerol actually inhibits the degradation pathway of PC and DG. Fig. 7 Effects of glycerol and Suc on the degradation of PC and DG in cultured tobacco cells. Tobacco cells (4 days old) were cultured at 26 ± 1°C with 10 µM BODIPY-FA for 2 h, and intracellular lipids were labeled with BODIPY. After BODIPY-FA was washed out of the culture medium, the cells were cultured in Suc-free medium for 4 h. They were then transferred to fresh Suc-free medium containing 50 mM glycerol (+gly), 3% (w/v) Suc (+suc), or 5% (v/v) water (+water) as a solvent control, and further cultured for 16 h. Lipids were extracted from cells 4 h (4 h) and 20 h (+gly, +suc and +water) after BODIPY-FA was washed out, and they were separated by TLC in chloroform : methanol : acetic acid : water ( On the other hand, Suc significantly inhibited the degradation of BODIPY-PC and BODIPY-DG (Fig. 7B) , although it did not enhance the synthesis of PC or DG (Fig. 6A, B) . This suggests that the degradation pathway of PC and DG is actually activated during Suc deprivation.
The addition of glycerol does not repress autophagy
In tobacco cells, the occurrence of autophagy can be assessed by light microscopy. By treatment with a cysteine protease inhibitor, autolysosomes, which contain degradation intermediates of parts of the cytoplasm, accumulate in the cytoplasm of tobacco cells performing autophagy (Moriyasu and Ohsumi 1996 , Takatsuka et al. 2004 , Yano et al. 2004 ). This can be used as a morphological marker of autophagy for light microscopy. Thus we used this marker to test if glycerol inhibits autophagy (Fig. 8) . Tobacco cells cultured in Sucfree medium containing E-64c accumulated autolysosomes (Fig. 8, -suc, arrowheads) . Even when 50 mM glycerol was added to the culture medium, autolysosomes accumulated in a similar time-dependent manner to that in the cells treated with water as a solvent control (Fig. 8, -suc+gly ). An increase of the glycerol concentration to 200 mM did not affect the accumulation of autolysosomes (Supplementary Fig. 2 ). However, the accumulation of autolysosomes in the presence of glycerol was blocked by the autophagy inhibitor 3-MA (Fig. 8,  -suc+gly+3MA ). In contrast to the effect of glycerol, the presence of 3% (w/v) Suc in the culture medium completely prevented the accumulation of autolysosomes (Fig. 8, +suc) .
Autophagy contributes to the acceleration of protein degradation (Takatsuka et al. 2004 ) and thus to the net degradation of cellular proteins (Moriyasu and Ohsumi 1996) . To confirm that glycerol did not affect the net degradation of cellular proteins, we measured changes in the amounts of cellular proteins under Suc-free conditions in the presence and absence of glycerol (Fig. 9) . The level of cellular protein content decreased at the same rate irrespective of the presence of glycerol (Fig. 9) .
These two results show that glycerol does not inhibit autophagy in tobacco cells under Suc starvation conditions. All the results thus far support the notion that membrane phospholipids are mainly degraded by a mechanism(s) distinct from autophagy. Aubert et al. (1996) reported the net degradation of membrane phospholipids including PC in sycamore cells cultured under Suc-free conditions. In the present study, we confirmed the occurrence of net degradation of membrane phospholipids in cultured tobacco and Arabidopsis cells (Fig. 1) . By pulselabel and chase experiments using BODIPY-FA, we further showed that the inhibition by glycerol of the net degradation of PC is attributable to the actual inhibition of PC degradation as well as to the activation of PC synthesis (Fig. 5-7) .
Discussion
Contrary to the hypothesis proposed by Aubert et al. (1996) , we conclude that the degradation of phospholipids under Suc-free conditions is mainly performed by a mechanism(s) different from autophagy. This conclusion is supported by the fact that 3-MA, which inhibits autophagy almost completely in tobacco cells, had little effect on the net degradation of phospholipids (Fig. 2, 5) . Our morphological and biochemical examinations also showed that glycerol does not inhibit autophagy (Fig. 8, 9 ). On the other hand, during autophagy, cytoplasmic organelles and/or their membrane fragments were observed in autophagic organelles such as autophagosomes, autolysosomes and central vacuoles (Herman et al. 1981 , Chen et al. 1994 , Aubert et al. 1996 , Moriyasu and Ohsumi 1996 . These structures appear to be degraded in these organelles. Thus, these morphological observations suggest that autophagy should make some contribution to the degradation of membrane phospholipids. Collectively, the present results show that a pathway(s) for the degradation of membrane phospholipids exists in addition to an autophagic pathway, and such a pathway(s) mainly contributes to the degradation of phospholipids in tobacco cells cultured in Suc-free medium. However, we should note the possibility that a phospholipid degradation pathway(s) other than autophagy is activated when autophagy is blocked by 3-MA, and thus we underestimate the contribution of autophagy to phospholipid degradation. In autophagydefective Arabidopsis mutants, the degradation of chlorophyll and chloroplast proteins is accelerated during senescence when compared with wild-type plants (Doelling et al. 2002 , Hanaoka et al. 2002 , Thompson et al. 2005 .
The point of action of glycerol on the mechanism for the degradation of PC and DG has not been clarified in this study. Since glycerol constitutes the backbone of PC and DG, it is possible that glycerol itself or its metabolites works as a regulator of their metabolism. Alternatively, glycerol is converted to glycerol 3-phosphate, which can be utilized as a substrate for Phospholipid degradation in tobacco cells 478 respiration (Aubert et al. 1996) . Thus, it is conceivable that the mechanism for phospholipid degradation is regulated in a manner where the mechanism is not activated when oxidative phosphorylation is operating actively in mitochondria. In any case, glycerol will become a useful tool for analyzing the mechanism for phospholipid degradation.
P-choline was formed in tobacco cells cultured in Suc-free medium and seemed to accumulate in the cells without being further metabolized (Fig. 1) . This is consistent with the finding in cultured sycamore cells that P-choline is metabolically inert (Aubert et al. 1996 , see also Martin and Tolbert 1983) . A close examination, however, shows that the level of P-choline seemed mostly saturated 1 d after Suc starvation and its change did not strictly reflect the decrease of PC. Thus, some Pcholine formed may be further metabolized to choline and/or other substances.
The reaction producing P-choline directly from PC is catalyzed by phospholipase C (PLC). PLC in plants can be divided into three groups, and one of these is a non-specific PLC that acts on PC and some other phospholipids (Wang 2001) . PLC that hydrolyzes PC has indeed been described in various plant species. Furthermore, PLC that can hydrolyze PC has been cloned in bacteria, and the Arabidopsis Genome Project has revealed six Arabidopsis genes showing sequence similarities to these bacterial PLCs (Wang 2001 ). Thus it is likely that PLC is involved in such an initial reaction in tobacco cells. Alternatively, it is also likely that phospholipase D (PLD) first hydrolyzes PC since plant cells generally possess high PLD activity. Since plant cells seem to have a high choline kinase activity, it is possible that choline released by the action of PLD is rapidly phosphorylated to become P-choline (Bligny et al. 1989) . It has been accepted that PLD mediates the first step in the pathway of phospholipid degradation during senescent processes of leaves and seeds (Chéour et al. 1992 , Salama and Pearce 1993 , Ryu and Wang 1995 , Fan et al. 1997 ). In contrast, during senescence of flower petals, the activities of PLC and phospholipase A, but not PLD were up-regulated, and were thought to be involved in the catabolism of membrane lipids (Borochov et al. 1982 , Borochov et al. 1994 ). Moreover, senescence-associated lipases with acyl hydrolase activity have recently been identified in carnation and Arabidopsis (Hong et al. 2000, He and Gan 2002) . Its homologs may exist in tobacco cells and might be candidates for the enzymes that contribute to the degradation of phospholipids in tobacco cells.
In tobacco and other cultured cells, autophagy is induced or activated in culture medium deprived of Suc (Chen et al. 1994 , Aubert et al. 1996 , Moriyasu and Ohsumi 1996 . The present study clearly showed that autolysosomes do not accumulate in the presence of Suc, suggesting that autophagy does not occur in the presence of Suc (Fig. 8) . However, how cells sense the extent of their starvation is unknown. The intracellular concentrations of Suc itself or some metabolites derived from Suc may work as such a signal. Glycerol did not repress the onset or activation of autophagy in the absence of Suc (Fig. 8, 9 ). As mentioned above, a portion of glycerol incorporated into tobacco cells could be converted to glycerol 3-phosphate and utilized as a substrate for respiration. Thus, despite the proposal by Aubert et al. (1996) , the onset or activation of autophagy is not controlled by the activity of oxidative phosphorylation in mitochondria.
Materials and Methods
Plant materials
Cultured tobacco (Nicotiana tabacum, BY-2) and Arabidopsis cells were used. Tobacco cells were subcultured in the same way as described previously (Moriyasu and Ohsumi 1996) . Arabidopsis cells were obtained from Dr. M. Umeda (University of Tokyo). They were subcultured in modified Murashige and Skoog medium consisting of 4.33 g liter -1 Murashige and Skoog salt mixture, 1× Gamborg's vitamins, 3% (w/v) Suc, 1 mg liter -1 2,4-D acid and an additional 340 mg liter -1 KH 2 PO 4 . Once a week, 10 ml of culture at the stationary growth phase was transferred to 50 ml of fresh culture medium in a 300 ml Ehrlenmeyer flask. The culture was incubated at 22 ± 1°C with rotation at 110 rpm in the dark.
Chemicals
5-Butyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene-3-nonanoic acid (C 4 -BODIPY ® 500/510 C 9 , B-3824 designated as BODIPY-FA in this study) and 2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanol-sn-glycero-3-phosphocholine (β-BOD-IPY ® 500/510 C 12 -HPC, D-3793) were purchased from Molecular Probes (Eugene, OR, USA). PC from egg yolk, choline chloride and phenol were from Wako (Osaka, Japan). 3-MA, choline oxidase (C-5896), peroxidase (P-8125), acid phosphatase (P-3752), 4-aminoantipyrin, 1,3-diolein (D-3627) and dioleoylglycerol (D-8894) were from Sigma. P-choline was from Nacalai Tesque, Inc. (Kyoto, Japan). E-64c was from the Peptide Institute (Minoh-shi, Osaka, Japan).
3-MA (0.1 M) was added to culture media to make the final concentration 5 or 10 mM; glycerol (0.5, 1 or 5 M) was used to make the final concentration 50 mM. When used, equal volumes of water were added as a solvent control. E-64c and BODIPY-FA were dissolved in methanol to make 1 mM stock solutions. They were used at the final concentration of 10 µM. As a solvent control, the same volume of methanol was added to cultures.
Suc deprivation
To deprive the cells of Suc, we transferred the cultured tobacco and Arabidopsis cells (4 days old) to corresponding culture medium lacking Suc, and incubated the cells with rotation at 110 rpm at 26 ± 1 and 22 ± 1°C, respectively.
Measurement of cellular protein content
Cellular protein contents were measured as described previously (Moriyasu and Ohsumi 1996) .
Light microscopy
A conventional light microscope (OptiPhoto, Nikon) equipped with Nomarski interference optics was used. Photographs were taken using a photomicrographic camera (Microflex UFX-II, Nikon) through a 20× or 40× objective lens and a 5× projection lens. Color films (Fujicolor ASA400, Fuji) were used.
Measurements of the contents of total phospholipids, P-choline and choline Cells in 3 ml of culture medium were collected on a glass filter (GF/A, 47 mm, Whatman) and washed with about 10 ml of water. They were soaked with 3 ml of hot 2-propanol in a homogenizer vessel together with the filter. The filter was washed with 2 ml of water and removed. Cells were homogenized by a motor-driven Teflon pestle. The homogenate was transferred to a glass centrifuge tube. The vessel was washed with 1 ml of water, which was added to the centrifuge tube. After further adding 4 ml of diethylether to the centrifuge tube and vortexing vigorously, the mixture was centrifuged at 1,000×g for 10 min and separated into two phases. The upper phase containing phospholipids was taken into a flask. Such an extraction of phospholipids with 4 ml of diethylether was repeated a further twice and all diethylether fractions were combined in the flask. The solvent in the flask was evaporated using a rotary evaporator and the residue was dissolved in 1 ml of chloroform : methanol (2 : 1, v/v) and used for the measurement of total phospholipids. The lower phase containing Pcholine and choline was collected avoiding contamination of white materials at the interface. After evaporating the solvent, the remaining pellet was dissolved in 1 ml of water and used for the measurement of P-choline and choline.
For measurement of the total phospholipid content, 50 µl of the phospholipid solution in chloroform : methanol (2 : 1 v/v) was taken into a test tube and dried. After 1 ml of water and 0.25 ml of 5 M sulfuric acid were added to the test tube, the mixture was kept at 150°C in an oven overnight. After the mixture was cooled down to room temperature, 0.2 ml of 30% hydrogen peroxide was added and the mixture was heated again at 150°C for 90 min. Phosphate produced in the mixture was measured using a kit for a phosphate assay (Phosphor C, Wako, Osaka, Japan), which is based on the formation of phosphomolybdate complexes and their reduction to molybdenum blue (Drewes 1972) .
For measurement of P-choline and choline, 200 µl of the solution containing P-choline and choline, 100 µl of 0.1 M acetic-Na (pH 5.0), 50 µl of acid phosphatase (40 U ml -1 ) and 150 µl of water were mixed and kept at 37°C for 16 h to hydrolyze P-choline to choline. After dephosphorylation of P-choline, 400 µl of the resulting mixture was taken into a new tube and 500 µl of 0.1 M HEPES-Na (pH 8.0), 10 µl of 0.1 M 4-aminoantipyrin, 10 µl of 0.2 M phenol, 10 µl of choline oxidase (200 U ml -1 ), 10 µl of peroxidase (500 U ml -1 ) and 60 µl of water were further added. After the mixture was kept at 37°C for 20 min, the absorbance A 500 of the quinoneimine dye that was produced was measured. We obtained the sum of the amounts of Pcholine and choline. For the measurement of the amount of only choline, acid phosphatase was omitted from the first reaction mixture. The amount of P-choline was calculated by subtracting the amount of choline from the sum of the amounts of choline and P-choline. Solutions containing authentic P-choline and/or choline were processed in the same way to produce standard curves.
Preparation of phospholipid fractions for TLC
Phospholipids were extracted from cells according to Bligh and Dyer (1959) . Cells in 1 ml of culture medium were collected on a glass filter (GF/A, 24 mm, Whatman) and washed with water using vacuum filtration. They were soaked with 3 ml of hot 2-propanol in the vessel of the homogenizer together with the filter, and then the filter was removed. After addition of 1.5 ml of chloroform, cells were homogenized by a motor-driven Teflon pestle. The homogenate was transferred to a centrifuge tube. The vessel was washed with 1.5 ml of chloroform : methanol (1 : 2, v/v) and this washing solution was added to the centrifuge tube. After the homogenate was kept at room temperature for 30 min, 2 ml of 1% (w/v) KCl and 2 ml of chloroform were added and mixed well. The mixture was separated into two phases by centrifugation at 1,000×g for 15 min. The lower organic phase was collected and mixed with 4 ml of methanol : water (10 : 9, v/v). The mixture was centrifuged again at 1,000×g for 15 min and separated into two phases. The lower organic phase was taken into a flask and evaporated using a rotary evaporator. The resulting residue containing phospholipids was dissolved in 1 ml of chloroform : methanol (2 : 1, v/v) and subjected to TLC.
Measurement of PC by the TLC/flame ionization detector method
Phospholipids were separated by TLC on a glass rod in chloroform : methanol : water (40 : 24 : 2, by vol.) and PC was quantified by the flame ionization detector method using Iatroscan MK-5 (Iatron, Tokyo, Japan) according to the manufacturer's directions.
Measurement of the incorporation of BODIPY-FA into PC and DG
Tobacco cultures (each 1 ml) were transferred to Petri dishes (35 mm in diameter) and 10 µl of 1 mM BODIPY-FA was added to each dish. In some experiments, cultures were transferred to Ehrlenmeyer flasks under conditions defined in the figure legends before the addition of BODIPY-FA. After the cultures were rotated at 26 ± 1°C for various time intervals, phospholipids were extracted and separated by TLC (silica gel G60, Merck, Darmstadt) in chloroform : methanol : acetic acid : water (170 : 25 : 25 : 4, by vol.), or hexane : diethylether : acetic acid (80 : 30 : 1, by vol.). Intracellular BODIPY-PC and BOD-IPY-DG were identified using authentic BODIPY-labeled PC (D-3793, Molecular Probes) and DGs (D-3627 and D-8894, Sigma) as standards, respectively. The fluorescent intensity of BODIPY-FA and BOD-IPY-PC spots was measured using a FluorImager™ SI (Amersham Biosciences, NJ, USA) according to the manufacturer's directions. In some experiments, TLC plates were photographed using a digital camera (EOS Kiss Digital, Canon, Japan) on a transilluminator (Dark Reader, Clare Chemical Research, CO, USA), and images obtained were analyzed using a software for image analysis (ImageJ 3.11, NIH, Bethesda, MD, USA) to quantify BODIPY fluorescence.
Supplementary material
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Notes added in Proof
During the reviewing process, a non-specific PLC gene showing significant transcriptional activation in response to phosphate starvation was reported in the following paper: Nakamura, Y., Awai, K., Masuda, T., Yoshioka, Y., Takamiya, K and Ohta, H. (2005) A novel phosphatidylcholine-hydrolyzing phospholipase C induced by phosphate starvation in Arabidopsis. J. Biol. Chem. 280: 7469-7476.
